Introduction
Depletion of fossil fuels and environmental problems make biomass an attractive source of renewable energy (Yamada et al., 2011) . One-step conversion of biomass to ethanol is considered the most cost-effective route to renewable fuels (Elkins et al., 2010) . Besides the fermentation substrate, the selection of an appropriate production organism is also important for the economic viability of fuel ethanol. Saccharomyces cerevisiae is a major microbial species that has been exploited for ethanol production due to its high fermentation rate and ethanol tolerance (Choi et al., 2009; Inderwildi and King, 2009; Kim et al., 2010) . After cellulose, starch is the second most abundant plant polysaccharide and hence an important renewable resource for bioethanol production.
Starch is a biopolymer and is defined as a homopolymer consisting of only one monomer, D-glucose. These D-glucose structures are linked together via α-1,4 and α-1,6 glycosidic linkages. The α-1,4 linkages produce linear chains that primarily comprise molecules called amylose, whereas the α-1,6 linkages serve as branching points to produce branched chain molecules called amylopectin.
Amylose forms a minor part (20%-30%) of starch and amylopectin forms the major part (70%-80%) (Yamada et al., 2009) . In order to produce ethanol from starch, it is necessary to break down the chains of this carbohydrate into six carbon sugars, which can be converted into ethanol by yeasts (Gray et al., 2006; Bai et al., 2008; Balat et al., 2008) . The degradation of raw starch into glucose is a multistep enzymatic process, which involves its gelatinization by cooking and liquefaction by α-amylase, followed by saccharification to glucose by glucoamylase (Wong et al., 2007; Favaro et al., 2010) . The starch-based bioethanol industry has been commercially viable for about 30 years and corn and wheat are the most utilized sources of starch employed for ethanol production (Gray et al., 2006; Balat et al., 2008; Goyal et al., 2008) .
Hydrolyzation of starch is catalyzed by α-amylase and glucoamylase. At the first step, a thermostable α-amylase enzyme is used to produce soluble dextrins by hydrolyzing α-1,4 bonds. In the saccharification step, glucoamylase is used to convert the liquefied starch into C6 sugars (Bothast and Schlicher, 2005; Sánchez and Cardona, 2008) , and then, in the fermentation step, C6 sugars are converted into ethanol (Toksoy Öner et al., 2005) . When starch is used as a raw material, the amylases are strongly inhibited by hydrolysis products such as glucose. This problem can be overcome by a simultaneous saccharification and fermentation process, which combines enzymatic hydrolysis with fermentation (Sánchez and Cardona, 2008; Shen et al., 2008) .
S. cerevisiae can ferment certain mono-and disaccharides, such as glucose, fructose, maltose, and sucrose, but it lacks the ability to utilize starch and hence to synthesize and secrete necessary amylolytic enzymes that are required for the bioconversion of starch to ethanol. Therefore, consolidated bioprocessing of starchy materials to bioethanol by S. cerevisiae has required significant strain improvement efforts to introduce this ability to S. cerevisiae strains (Favaro et al., 2010) . A plasmid-based system, WTPB-G (Toksoy Öner et al., 2005) , was developed by transforming standard laboratory strain FY23 with the pPB-G plasmid (de Moraes et al., 1995) that contains the Bacillus subtilis α-amylase and the Aspergillus awamori glucoamylase coding sequences, expressed under the control of the constitutive PGK1 promoter as an excreted bifunctional fusion protein (Toksoy Öner et al., 2005) . Although significant improvements were thereby achieved with the amylolytic S. cerevisiae strain WTPB-G in ethanol yield from soluble starch by optimizing fermentation conditions, a time-dependent loss of amylolytic activity was observed (Toksoy Öner, 2006) .
The aim of this study is to investigate the effect caused in a wild-type strain by the presence of an extrachromosomal self-replicating element in the form of a recombinant multicopy plasmid, which conferred the ability of starch utilization to wild-type cells. For this purpose, the fermentation performances of wild-type FY23 and the plasmid-bearing strain WTPB-G were comparatively examined in batch cultures, in which the cultivation temperature and pH were controlled under aerated and microaerated conditions. Fermentations were carried out in media containing glucose as the sole carbon source. The investigation of the genome-wide gene expression profiles revealed that the presence of a plasmid encoding a fusion protein caused changes in the expression levels of genes. These changes were associated with cell wall biogenesis, ribosome biogenesis, and RNA processing, whereas oxygen limitation resulted in the significant expression of genes involved in protein modification, respiration, and energy mechanisms.
Materials and methods

Strains and growth media
The S. cerevisiae WTPB-G strain (Toksoy Öner et al., 2005) , generated by transforming the parental haploid FY23 strain with the pPB-G plasmid (de Moraes et al., 1995) that contains B. subtilis α-amylase and A. awamori glucoamylase genes expressed under the control of the constitutive PGK1 promoter as an excreted bifunctional fusion protein, was used in this study.
S. cerevisiae strains were kept in glycerol stock solutions at -80 °C. Frozen glycerol cultures were used by streaking on selective yeast minimal media ( peptone, 10 g L -1 yeast extract, 10 g L -1 soluble starch) and YMM plates and incubated at 30 °C to select for amylolytic activity. YPDS plates were stained with iodine vapor until the formation of large visible zones around the colonies, indicating the utilization of starch. Colonies with larger haloes were picked from replica YMM plates and used for inoculum preparation. Agar plates were prepared by adding 18 g L -1 agar to the media. Precultures were inoculated with a single colony of cells taken from YMM agar plates and incubated in YMM medium at 30 °C and 180 rpm.
Cultivation conditions and sampling
For batch bioreactor cultivations, cells were cultivated in fully controlled 2-L B-Braun BIOSTAT B Plus fermenters with a working volume of 1.5 L in YMM medium containing glucose as the sole carbon source. The temperature was kept constant at 30 °C, and agitation was set to 400 rpm at all times throughout the fermentation. pH was kept constant at 5.6 by controlling with 0.5 M NaOH and HCl. The dissolved oxygen (DO) saturation was preserved above 90% throughout the experiment via a constant flow of air at 0.75 L/min in aeration-controlled cultivations. To provide microaerated conditions, cultivations were initially brought to a DO saturation of 100% and air supply was turned off throughout the fermentation. Optical densities (ODs) were monitored by spectrophotometric measurements at 600 nm wavelength until a steady state was reached. All experiments were carried out in duplicate.
Sampling was carried out during the exponential phase of growth for the determination of µ max , extracellular glucose, and ethanol concentrations. Confidence intervals of 95% were provided for µ max . Extracellular metabolite concentrations were determined by using enzymatic analysis kits (Sigma) as described by the manufacturer. Samples from the steady-state culture were used to gravimetrically determine the dry cell weight (DCW) of cultures. Cells were first recovered from 1 mL of culture samples through centrifugation, then washed with distilled water three times and dried at 70 °C until constant weight was achieved. Reported DCW values are the average of five biological and two technical replicates for each data point. For the transcriptome analysis, samples were taken at the midexponential phase of growth (OD 600 ≈ 0.7-0.9), immediately frozen in liquid nitrogen, and stored at -80 °C until RNA isolation.
Determination of amylase activity
Protein purification was performed with culture supernatants diluted with two volumes of ice-cold acetone and centrifuged at 10,000 rpm for 20 min at 4 °C to recover extracellular precipitates (Birol et al., 1998) . To assay for α-amylase activity, pellets were dissolved in 50 mM NaAc buffer (pH 5.9), and 0.5 g of soluble starch was added to 100 mL of boiling 50 mM NaAc buffer (pH 5.9). Appropriately diluted enzyme solutions of 100 µL were incubated with 500 µL of starch solution at 40 °C for 10 min and then 200 µL of this reaction mix was mixed with 5 mL of iodine solution (10 mM KI and 2 mM I 2 ). Degradation of starch was measured at 620 nm against 200 µL of water in 5 mL of iodine solution as a blank. One unit of α-amylase activity was defined as the quantity of enzyme required to hydrolyze 0.1 mg of starch in 10 min at 40 °C.
For the glucoamylase activity assay, pellets were dissolved in 50 mM NaAc buffer (pH 4.5) and 0.5 g of soluble starch was added to 100 mL of boiling 50 mM NaAc buffer (pH 4.5). Afterwards, 50 µL of enzyme solution was mixed with 500 µL of starch solution and incubated at 40 °C for 10 min. An aliquot (200 µL) of this reaction mix was used to assay for glucose. Glucose concentration was determined using enzymatic analysis kits. One unit of glucoamylase activity was defined as the amount of enzyme that released 1 mM of glucose per minute from starch. 2.4. RNA isolation and microarray analysis RNA isolation was carried out in a robotic workstation, QIAcube (QIAGEN, USA), using the enzymatic lysis protocol as described by the QIAGEN RNeasy Mini Kit (Cat. No. 74106 ). The quality and quantity of the isolated RNA were checked via spectrophotometric analysis using a UV-Vis spectrophotometer (NanoDrop ND-1000, Thermo Fisher Scientific Inc., USA). RNA samples were subjected to a second quality check step before being used in microarray analysis. RNA integrity number (RIN) values were checked using a microfluidics-based platform (Bioanalyzer 2100, Agilent Technologies, USA) with an RNA 6000 Nano Kit (Agilent Technologies, USA) and samples with RIN values of 7-10 were processed.
First-strand cDNA was synthesized and then converted into double-stranded DNA initially from 100 ng of total RNA using the GeneChip 3' IVT Express Kit (Affymetrix Inc., USA). This double-stranded cDNA was used as a template for in vitro transcription and synthesis of biotin-labeled aRNA. The final product was purified and quantified using the NanoDrop spectrophotometer before fragmentation. The purification and fragmentation steps were carried out using GeneChip reagents. Fragmented aRNA was evaluated using the Agilent 2100 Bioanalyzer (Agilent Technologies, Germany). Affymetrix Yeast 2.0 arrays were prepared for hybridization using the reagents supplied in the GeneChip Hybridization, Wash, and Stain Kit. A total of 5 µg of aRNA was loaded onto 169 format arrays and hybridized for 16 h. The chips were then loaded into a fluidics station for washing and staining using the Affymetrix Command Console 3.0.1 Fluidics Control Module with Mini Euk 2v3 protocol. Finally, the chips were loaded onto the Affymetrix GeneChip Scanner 3000. All applications were performed as described in the Affymetrix GeneChip Expression Analysis Technical Manual. The microarray data from this study were submitted to ArrayExpress at the European Bioinformatics Institute under accession number , in compliance with MIAME guidelines.
Microarray data acquisition and analysis
For the analysis of transcriptomics data, cell files were normalized via quantile normalization using RMA (Bolstad et al., 2003) as implemented in the affy package (Gautier et al., 2004) of the R/Bioconductor suite of tools (Gentleman et al., 2004) .
The hierarchical clustering of the conditions was carried out via the Multi Experiment Viewer (MeV) (Saeed et al., 2006) , with the distance and the linkage metric selected as the Pearson correlation and the average linkage, respectively.
Significantly expressed genes were identified from normalized log-expression values using two-way analysis of variance (ANOVA) implemented in MeV, and a 0.001 P-value threshold was maintained. The two-way ANOVA revealed the genes that were significantly expressed in response to the presence of the recombinant vector and the constitutive expression of the amylolytic genes on that plasmid and the aeration. The genes that were affected by the interactive effect of the plasmid presence and aeration were identified as the genes responsive to the changes in both factors at the same time. These statistically significant genes were used as inputs for gene set enrichment analysis based on Gene Ontology (GO) annotations. All GO analyses were performed via the Generic GO Term Finder (Boyle et al., 2004 ) using a Saccharomyces Genome Database filter, with a P-value cut-off of 0.01.
Reporter features analysis
The regulatory pathways that were affected by the presence of plasmid and oxygen limitation were identified by Reporter Features analysis (Patil and Nielsen, 2005; Oliveira et al., 2008) , implemented in the BioMet Toolbox (Cvijovic et al., 2010) . The Reporter Feature algorithm was used for the integration of regulome with transcriptome. Transcription factors (TFs) in the consensus list described in the Yeastract database (Teixeira et al., 2013) were considered for the construction of a regulatory network in yeast. The yeast regulatory network was constructed by extracting tabthe TF-protein interactions with direct evidence in the Yeastract database (Cankorur-Cetinkaya et al., 2013; Kasavi et al., 2014) . A P-value threshold of 0.01 was maintained to determine the Reporter TFs.
Results
Growth characteristics of batch fermentations
The growth characteristics of the batch cultures were investigated during the exponential and stationary phases of growth. The fermentation performances of the plasmidbearing strain WTPB-G, together with the wild-type strain FY23, grown on YMM, were investigated and compared under both microaerated and aerated conditions (Figure 1 ). Maximum biomass, ethanol, and glycerol concentrations reached by the cultures, as well as their glucose utilization rates and maximum specific growth rates, were measured (Table 1) .
Under aerated conditions, both strains reached higher biomass concentrations. Aeration had a more profound effect on the growth properties of the WTPB-G strain than the wild-type strain. Oxygen limitation caused a 21% and 34% decrease in biomass concentrations of FY23 and WTPB-G cultures, respectively. A similar effect was also observed in the µ max values of both cultures. Furthermore, oxygen limitation caused an approximately 3-fold increase in the glycerol concentrations and yields of both strains.
At the end of each fermentation, carried out under aerated and microaerated conditions with the WTPB-G strain, enzymes in the cell-free media were precipitated with acetone and crude enzyme solutions were subjected to amylase activity assays. The α-amylase activities were 20 U/mL culture (9434 U/g DCW) and 22 U/mL culture (8178 U/g DCW), and glucoamylase activities were 227 U/L culture (107 U/g DCW) and 278 U/L culture (103 U/g DCW) under microaerated and aerated conditions, respectively. 3.2. Global transcriptional response of S. cerevisiae strains In order to provide further insight into the molecular mechanisms affected by the presence of plasmid and the secretion of fusion proteins, the genome-wide transcriptional responses of the recombinant amylolytic S. cerevisiae strain WTPB-G and the reference strain were comparatively investigated. Since higher ethanol concentrations were reached by WTPB-G and its parent strain FY23 cultures under aerated conditions when compared to microaerated conditions, the mechanisms affected by aeration were also investigated. The two parameters of interest were strain at two levels, reference strains FY23 and WTPB-G, and aeration at two levels, aerated and microaerated conditions. A 2 × 2 factorial design enabled the investigation of the effect of these factors The hierarchical clustering of conditions, using normalized microarray data, revealed strains as the key determinant for the arrangement of different clusters. The analysis resulted in the clustering of the conditions into two major clusters (Figure 2 ). The transcript profiles of wildtype cultures were clustered together under microaerated and aerated conditions, whereas the transcript profiles of WTPB-G cultures under microaerated and aerated conditions formed a different cluster. Moreover, the replicate fermentations were clustered together for each strain under similar conditions.
Identification of significantly expressed genes
The genes showing significant changes (P < 0.001) in their expression levels were identified via two-way ANOVA. When WTPB-G was compared to the reference strain, a total of 950 (524 up, 426 down) genes displayed significantly altered expression levels in response to the presence of a plasmid synthesizing a bifunctional protein, which may catalyze the one-step conversion of starch to ethanol (Table S1 ). Genes whose expression levels were significantly up-and downregulated under oxygen limitation were screened using microarray data obtained from samples collected at the midexponential phase of growth and 579 (309 up, 271 down) genes showed a statistically significant difference in their expression levels when the microaerated condition was compared to the aerated condition (Table S2) . Moreover, 72 genes were significantly expressed in response to the interactive effect of the presence of a plasmid synthesizing a bifunctional protein, which may catalyze the one-step conversion of starch to ethanol, and oxygen limitation (Table S3) .
Genes whose expression levels were significantly changed in response to the presence of the recombinant vector and the constitutive expression of the amylolytic genes on that plasmid were defined as strain-significant genes, and genes whose expression levels were significantly changed in response to oxygen limitation were defined as aeration-significant genes. Significantly enriched categories of the up-and downregulated strain-significant and aeration-significant genes were analyzed using Amigo. 3.4. Transcriptional response to the presence of the recombinant vector and the constitutive expression of the amylolytic genes on the plasmid In response to the presence of a plasmid synthesizing a bifunctional protein, which may catalyze the one-step conversion of starch to ethanol, the upregulated genes were significantly enriched for cell wall organization and biogenesis (Table S4 ) and the downregulated genes were significantly enriched for growth-associated processes including ribosome biogenesis and RNA processing (Table  S5 ).
The manual investigation of genes related to DNA replication revealed that 5 genes (POL1, POL2, RFA1, CDC9, and RNH201), encoding proteins related to DNA replication in S. cerevisiae, were downregulated in response to the presence of the recombinant vector and the constitutive expression of the amylolytic genes on that plasmid. POL1 is an essential gene that encodes the largest subunit of the DNA polymerase (I) alpha and is required for the initiation of DNA replication. POL2 is also an essential gene, encoding a catalytic subunit of DNA polymerase (II) epsilon, which is a chromosomal DNA replication polymerase that exhibits proofreading exonuclease activity. POL2 is also involved in DNA synthesis during DNA repair. RFA1 encodes a subunit of heterotrimeric replication protein A (RPA), which is a highly conserved, single-stranded DNA-binding protein.
RFA1 plays a key role in DNA metabolic pathways such as DNA replication, repair, and recombination. CDC9, an essential gene, encodes a DNA ligase found in the nucleus and mitochondria. Cdc9p is an essential enzyme that joins Okazaki fragments during DNA replication, and it also acts in nucleotide excision repair, base excision repair, and recombination. RNH201 encodes a ribonuclease H2 catalytic subunit that removes RNA primers during Okazaki fragment synthesis. Furthermore, the presence of the plasmid resulted in the upregulation of 42 genes encoding proteins whose abundance increases in response to DNA replication stress.
Figure 2. Hierarchical clustering of experimental conditions using normalized microarray data (M and A represent the microaerated and aerated conditions, respectively).
Transcriptional response to aeration
Clustering of conditions indicated that aeration caused a less effective change than plasmid harboring on the transcriptional response. The significantly enriched biological processes of aeration-significant genes are provided in Tables S6 and S7 .
In response to oxygen limitation, upregulated genes were found to be enriched with various catabolic processes and cellular response to stimulus. The downregulated aerationsignificant genes were found to be significantly enriched with nitrogen and organonitrogen compound metabolic and biosynthetic processes, as well as organophosphate and lipid biosynthetic processes. Further investigation of the downregulated genes indicated that a total of 29 genes involved in oxidation-reduction processes, 5 genes involved in pH reduction, 11 genes involved in the cofactor metabolic process, and 8 genes involved in the coenzyme biosynthetic process were downregulated in response to oxygen limitation. Furthermore, oxygen limitation resulted in the downregulation of genes involved in lipid and fatty acid, carbohydrate, and phosphate-containing compound metabolic processes.
Transcriptional response to the interactive effect of factors
A total of 72 genes were significantly expressed in response to the interactive effect of the presence of a plasmid, synthesizing a bifunctional protein and oxygen limitation and described as an interaction-significant gene. When the aerated condition was compared to the microaerated condition, 32 genes were upregulated and 40 genes were downregulated in the reference strain. Under similar conditions, 25 genes were upregulated and 47 genes were downregulated in WTPB-G. When the significantly expressed genes in WTPB-G in comparison to the reference strain were investigated, 32 genes were upregulated and 40 genes were downregulated under aerated conditions, and 37 genes were upregulated and 35 were downregulated under microaerated conditions. The number of interaction-significant genes under each condition is presented in Figure 3 .
The significantly expressed genes in response to the interactive effect were not found to be significantly enriched with any particular GO biological process term for each group. A total of 14 genes had unknown GO biological process terms. The up-and downregulated genes were analyzed using the Generic GO Term Finder (Boyle et al., 2004) to shed light on the biological processes that these genes were annotated to (Tables S8 and S9 ). Although all biological processes were included in the supplementary tables, terms that at least four genes annotated to were taken into consideration.
The assessment of the aerated conditions in conjunction with the microaerated conditions revealed the upregulation of genes involved in protein complex biogenesis, Golgi vesicle transport, and lipid metabolic process and the downregulation of genes involved in mitochondrion organization, nucleobase-containing small molecule metabolic process, carbohydrate metabolic process, transmembrane transport, and protein complex biogenesis in WTPB-G strain. The same comparison pointed to the induction of genes associated with mitochondrion organization, lipid metabolic process, and protein complex biogenesis and to the repression of genes associated with transmembrane transport, regulation of organelle organization, and protein complex biogenesis in the reference strain.
The comparison of WTPB-G and the reference strain indicated the presence of genes associated with protein complex biogenesis, Golgi vesicle transport, and a nucleobase-containing small molecule metabolic process among the upregulated genes under aerated conditions. Genes related to mitochondrion organization, monocarboxylic acid metabolic process, lipid metabolic process, carbohydrate metabolic process, and transmembrane transport were found to be downregulated under similar conditions. Under microaerated conditions, genes that play a role in protein-complex biogenesis, lipid metabolic process, ion transport, Golgi vesicle transport, mitochondrion organization, nucleobase-containing small molecule metabolic process, and transmembrane transport were upregulated; genes related to carbohydrate metabolic process were downregulated. 3.7. Analysis of regulation of transcriptional response to the presence of a plasmid synthesizing a bifunctional protein and oxygen limitation in genetically engineered S. cerevisiae cells The transcriptional response of the S. cerevisiae strain to the presence of pPB-G plasmid and oxygen limitation was analyzed in the context of regulatory networks using Reporter TF Analysis to shed light on the affected regulatory machineries.
Reporter TF analysis identified 3 TFs (Rts2p, Hac1p, and Fkh1p) around which genes were affected in response to the presence of the recombinant vector and the constitutive expression of the amylolytic genes on that plasmid. Rts2p is a basic zinc-finger protein, similar to human and mouse Kin17 proteins, which are chromatin-associated proteins involved in UV response and DNA replication. Hac1p is a basic leucine zipper TF, which regulates the unfolded protein response. The protein abundance of Hac1p increases in response to DNA replication stress. Fkh1p plays a minor role in the expression of G2/M phase genes, negatively regulates transcriptional elongation, and has a positive role in chromatin silencing.
Reporter TF analysis identified 2 TFs (Mot3p and Rox1p) around which genes were affected in response to oxygen limitation. Mot3p is a transcriptional repressor involved in the repression of a subset of hypoxic genes by Rox1p. Rox1p is a repressor of hypoxic genes and mediates the aerobic transcriptional repression of hypoxia-induced genes such as COX5 and CYC7.
Discussion
The assessment of the fermentation performance of FY23 and WTPB-G cultures under aerated and microaerated conditions revealed that oxygen limitation led to decreased biomass concentrations and µ max values for both cultures. S. cerevisiae physiology was affected by aeration, which is a significant control factor during alcoholic fermentation. It has been reported that aeration improved the fermentation performance of S. cerevisiae (Alfenore et al., 2004; Guimarães et al., 2008; Sanchez-Gonzalez et al., 2009) . Additionally, in this study, higher ethanol concentrations were obtained under aerated conditions with both strains. Furthermore, oxygen limitation resulted in an increase in glycerol concentrations and yields of both strains. This finding was consistent with the formation of glycerol at a much higher yield under anaerobic conditions than under aerobic conditions. Under oxygen-limited conditions, glycerol is formed to modulate NADH and NADPH levels to restore the redox balance in the cell (Costenoble et al., 2000; Alfenore et al., 2004) . Under both aerated and microaerated conditions, the WTPB-G strain had a lower specific growth rate than FY23 (0.214 h -1 versus 0.270 h -1 under aerated conditions and 0.203 h -1 versus 0.236 h -1 under microaerated conditions). The maintenance of a plasmid and its expression in a yeast cell impose a metabolic burden and affect the cell's ability to grow (Ow et al., 2006; Karim et al., 2013) . Therefore, the presence of the plasmid and the expression of α-amylase and glucoamylase as a fusion protein resulted in reduced growth rate of the WTPB-G strain. At the end of each fermentation carried out under aerated and microaerated conditions with the WTPB-G strain, the amylase activities were also determined. Since fermentations were carried out in media containing only glucose as a carbon source, the α-amylase activities of WTPB-G under both conditions were found to be very low when compared to earlier reports where complex media were used for fermentations. Glucoamylase and α-amylase activities were reported to be within the ranges of 300-9000 U/mL and 700-1200 U/mL, respectively, in media containing 5% starch (Toksoy Öner et al., 2005) .
The global transcriptional responses of the recombinant amylolytic S. cerevisiae strain WTPB-G and the reference strain were comparatively investigated to identify the molecular mechanisms affected by the presence of the plasmid and the secretion of fusion proteins, as well as oxygen limitation. Two-way ANOVA enabled the assessment of the effect of the presence of the recombinant vector and the constitutive expression of the amylolytic genes on that plasmid, the effect of aeration, and the interaction effect of these two parameters. The hierarchical clustering of conditions based on the expression values showed that the microaerated and aerated conditions were clustered together for both strains. Therefore, the effect of aeration was found to be less determinative on the transcriptional response than the effect of harboring a genetically engineered plasmid, which produces a bifunctional enzyme to catalyze the one-step conversion of starch to ethanol.
In response to the presence of the plasmid and the expression of the amylolytic genes on that plasmid, ribosome biogenesis was found to be repressed. Ribosome biogenesis is an essential cellular process and the inhibition of this process may result in terminated cell growth, even under optimal growth conditions (Li et al., 2009) . The downregulation of genes associated with ribosome biogenesis supported the reduced growth rate of the WTPB-G strain. There are 444 known genes involved in ribosome biogenesis in S. cerevisiae, and only 88 were downregulated in the WTPB-G strain. Therefore, the remaining genes enable this yeast to grow under controlled conditions and to produce ethanol. Moreover, protein synthesis is an energy-cost activity in the cell. The downregulation of the genes related to ribosome biogenesis and RNA processing might result in reduced protein synthesis, which is not essential for the cell to grow and help to save energy. Moreover, a total of 5 gene-encoding proteins related to DNA replication in S. cerevisiae were repressed, whereas 42 gene-encoding proteins, whose abundance increases in response to DNA replication stress, were induced in response to the presence of the plasmid and the expression of the amylolytic genes on that plasmid. The maintenance of a plasmid and its expression in a yeast cell imposes a metabolic burden and affects the cell's ability to grow (Ow et al., 2006; Karim et al., 2013) , which was found to be in accordance with the repression of growth-associated processes in response to the presence of the plasmid and the expression of the amylolytic genes on that plasmid. Since plasmid DNA replicates as chromosomal DNA, plasmid-associated metabolic burden might be the reason for increased DNA replication stress in the WTPB-G strain. Moreover, the inhibitory effect of plasmid burden on growth might result in the repression of DNA synthesis. However, the activation of genes associated with DNA replication stress would preserve genome integrity during DNA replication.
In response to oxygen limitation, genes involved in oxidation-reduction and pH reduction processes, cofactor metabolic process, coenzyme biosynthetic process, lipid and fatty acid metabolic processes, and phosphatecontaining compound metabolic process were found to be downregulated. S. cerevisiae requires a maintained cellular redox balance in order to sustain metabolism and growth. Redox cofactors participate in biochemical reactions involving oxidation-reduction (Heux et al., 2006) . The downregulation of genes related to oxidationreduction in response to oxygen limitation is consistent with the decreased growth of both the WTPB-G and reference strain cultures under microaerated conditions. Moreover, the downregulation of oxidation-reduction and coenzyme processes possibly decreases the amount of generated energy in the cells. This might result in the repression of energy-requiring metabolic processes such as the phosphate-containing compound metabolic process and lipid and fatty acid metabolic processes.
The integrative analysis of the regulome and transcriptome revealed the TFs around which genes were affected by the presence of the pPB-G plasmid and the expression of the amylolytic genes on that plasmid and oxygen limitation. Reporter TFs around which genes were affected in response to the presence of the plasmid were found to be associated with DNA replication, which was reported to be important for plasmid stability. Therefore, the existence of TFs involved in DNA replication is consistent with the presence of the self-replicating plasmid. TFs associated with the regulation of hypoxic gene expression were identified as Reporter TFs in response to oxygen limitation. The identification of TFs that regulate the expression of hypoxic genes is in good agreement with the effect of oxygen limitation during fermentation.
In conclusion, investigating the changes of the plasmidbearing S. cerevisiae strain WTPB-G at the transcriptional level provided information on the molecular mechanisms underlying the presence of a plasmid synthesizing a bifunctional protein, which may catalyze the one-step conversion of starch to ethanol. In future studies, the high-level expression of amylolytic enzymes by multicopy integration of their coding sequences into the genome of a wild-type strain should result in stable extracellular amylolytic activities against raw starch substrates, such as agricultural and agroindustrial residues, and enable their conversion into fermentable sugars for ethanol production. Table S9 . GO biological processes that the interactive significant genes annotated to in the reference strain were compared to the WTPB-G strain.
